Abstract. This study explored drug release from paclitaxel + hirudin-eluting balloons in a healthy pig coronary artery model and objectively evaluated the vascular reactivity after balloon intervention. A total of 12 healthy white pigs were used for the analysis of drug release from the experimental balloon. The observational time-points included immediately following implantation and day 7, 30, and 180 after surgery. At each time-point, two pigs were treated with the paclitaxel + hirudin-eluting balloon and one with the B. Braun paclitaxel-eluting balloon (control). Quantitative coronary angiography (QCA) of the target vessel was performed before and after balloon treatment. One pig died before the designated experimental endpoint, and no abnormal clinical signs or tissue lesions were observed in the other pigs. QCA showed different degrees of spasms after balloon treatment, all of which recovered shortly thereafter without intervention. The blood vessel lumens were all open and without dissection or angioma. Drug content determination showed that the experimental balloon performed better than the control balloon with regard to drug release, vascular absorption and expulsion rate. The paclitaxel + hirudin-eluting balloon catheter was easy to manipulate. The drug release from the experimental balloon was stable and resulted in good vascular reactivity. The safety and efficacy of the experimental balloon were not worse than the paclitaxel-eluting balloon that is currently on the market.
Introduction
Although percutaneous coronary intervention (PCI) has become the standard treatment for stenotic coronary artery diseases, the incidence of restenosis can reach 10-60% after the balloon catheter and stent are placed (1) . Even when a drug-eluting stent (DES) is used, restenosis still occurs, with an incidence of 10-20%. Furthermore, because the drug that is intended to inhibit vascular smooth muscle cells delays the re-endothelialization of the vascular intima, the risk of stent thrombosis formation has also become another dilemma in intervention therapy (2, 3) .
Coronary smooth muscle cell proliferation and migration induce hyperplasia of the vascular intima, which is the main reason for post-PCI restenosis. Delayed vascular endothelialization caused by coating drugs that are used to inhibit the proliferation of smooth muscle cells is the key factor responsible for delayed thrombosis (4, 5) . Based on previous research and the recent advancements in modern pharmacology, the current team optimized the anti-proliferation drug loading technique via vacuum coating and selected paclitaxel and hirudin for the coronary balloon catheter to prepare paclitaxel + hirudin-eluting balloons, with the aim to explore the feasibility of compound drug-eluting balloons for the treatment of coronary artery diseases. As a microtubular inhibitor, paclitaxel is highly liposoluble (10,000 times more liposoluble than rapamycin); because of this advantage, paclitaxel has been widely applied in stent/balloon elution as an anti-cell proliferation drug (6) . In contrast, hirudin is a direct thrombin inhibitor that possesses high water solubility. The current team applied paclitaxel and hirudin to the balloon in a specific ratio. Hirudin serves as the carrier of paclitaxel. Their combination may inhibit the proliferation of vascular smooth muscle cells maximally but that of vascular endothelial cells minimally, thereby preventing restenosis and delayed thrombosis after PCI.
In a previous study conducted by our team, a cell co-culture system was used to stimulate the action mode of the paclitaxel + hirudin compound on vascular smooth muscle cells and vascular endothelial cells in rabbits, and the half maximal effective concentration of the paclitaxel + hirudin compound on the inhibition of proliferation and migration of rabbit smooth muscle cells and endothelial cells was determined (7) . Furthermore, we explored the effect of the paclitaxel + hirudin compound on rabbit vascular endothelial and smooth muscle cells using a cell co-culture technique to determine the satisfactory ratio of paclitaxel to hirudin (to maximally inhibit smooth muscle cells and to minimally inhibit endothelial cells simultaneously) (8) . The results showed that paclitaxel combined with a small dosage of hirudin (3.13 µg/ml) did not have a noticeable inhibitory effect on the growth of rabbit vascular endothelial cells in vitro, but it had a significant inhibitory effect on the growth of rabbit smooth muscle cells. Considering the differences between animal and human cells in tolerance and response to drug stimulation, the current team used human coronary smooth muscle and endothelial cells to determine the optimal ratio of paclitaxel to hirudin for human cells, and the results showed that the optimal concentrations were 1 µmol/l paclitaxel and 0.39 mg/ml hirudin, which can be used to develop drug-eluting balloons (9) (10) (11) .
Based on the previous studies, in this study, we prepared paclitaxel + hirudin-eluting balloons according to the predetermined optimal ratio. Using the SeQuent Please paclitaxel-coated balloon (B. Braun Melsungen AG, Melsungen, Germany) as the control, which is already on the market, this study investigated the drug release from the paclitaxel + hirudin compound-coated balloon in the coronary arteries of healthy white pigs within 180 days and evaluated the interventional effect of the experimental balloon on vascular reactivity. The results of this study can provide data to support clinical experiments in the related field and may shed new light on the development of compound-eluting balloons. Methods. In each animal, each of the coronary arteries was treated with one balloon. The pressure holding time was 50 sec. An upstream 17-mm-long vascular section located 5 mm away from the balloon inflation site was sampled as the control sample, and the 17-mm-long section at the inflation site was used as the experimental sample for drug content analysis.
Materials and methods

Materials
All Animal grouping. The pigs were divided into the following time-point groups: instant, day 7, 30, and 180 groups. In each group, one pig for the control balloon and two pigs for the experimental balloons were used.
Angiography and balloon treatment. The balloon treatment was performed aseptically. The pigs were subjected to general anaesthesia. The day before surgery, a one-time dose of aspirin [325 mg, per os (PO)] and clopidogrel (150 mg, PO) was given to each pig. During the postoperative observational period, 100 mg of aspirin and 75 mg clopidogrel were administered PO each day until the experiment ended. Before the last follow-up after balloon treatment, two blood samples were taken from each pig. One sample was anti-coagulated with EDTA for drug content analysis and the other was not anti-coagulated. In addition, blood samples were taken for analysis instantly after inflation of each balloon during surgery. Before surgery, heparin sodium solution at 150 U/kg was administered via vein, and the activated clotting time (ACT) was monitored to ensure the value was >300 during the operation. The surgical procedures are shown in Fig. 1A -C. During the operation, real-time monitoring of haemodynamics, electrocardiography (ECG) and oxygen saturation levels (SpO 2 ) were performed. The balloon was guided into the coronary artery to reach the target site with the aid of a guide catheter and 0.014'' guidewire ( Fig. 1D and E). The balloon was inflated with the pressure pump to ensure that the balloon sufficiently attached to the vessel wall. After 50 sec of pressure holding, the pressure was removed and the guides were withdrawn. After the treatment, angiography was performed to assess the condition of the treated vascular section. After surgery, all apparatus and equipment were removed. After anaesthesia recovery, the pigs were observed until the designated survival time-points. After the observation was completed, the pigs were subjected to anaesthesia again for blood sampling. Approximately 12,500 U heparin sodium injection was intravenously administered, and then angiography was performed to observe the treated vascular section. After re-examination, the pigs were sacrificed by intravenous infusion of potassium chloride (20 mg equivalent/head) after general anaesthesia with 2-2.5% sevoflurane inhalation. Autopsy was immediately performed.
Paclitaxel content determination.
A homogenate of the vessel wall was prepared with water in a 1:9 ratio (w/v). Approximately 50 µl of the vessel wall homogenate or whole-blood sample was mixed well with 200 µl of precipitant (1:1 methanol to acetonitrile containing 5 ng/ml buspirone as the internal standard). The sample was centrifuged at 2,504 x g and 4˚C for 15 min. The supernatant was collected and diluted with 0.1% formic acid solution to twice the volume. Liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) was then performed.
Statistical analysis. Data are presented as the mean ± standard deviation (SD) and were processed with SPSS version 20.0 software (IBM Corp., Armonk, NY, USA). One-way analyses of variance were used for comparisons among groups, and t-tests were used for comparisons between groups. P<0.05 was considered statistically significant.
Results
General health condition. During the experiment, none of the groups showed adverse clinical signs except for one pig in the When the restenosis occurs, the diameter of the smallest vascular lumen decreases, and the whole ratio increases. The larger the QCA/MLD, the more severe the restenosis. The comparison between the two groups showed that the degree of restenosis in the experimental group was less severe than that in the control group in the early stage (7 days) after intervention, which was an indirect method for determining the degree of restenosis. (C) As a direct method to judge the degree of restenosis, the restenosis rate of the two groups was compared. (D) After balloon treatment. MLD: diameter of the artery balloon segment, indicating no difference in lumen diameter immediately after treatment. day-180 experimental group that died at an early stage (the reason for the death might be acute failure of the respiratory system, which had no relation with the experimental balloon). Autopsies showed no abnormalities in any of the groups.
TIMI grade blood flow. The pigs underwent angiography immediately and at day 7, 30, and 180 after balloon treatment. Some from both the control and experimental groups exhibited violent spasms but recovered without intervention shortly thereafter. Noticeable stenosis was not observed in the lumens with a TIMI (Thrombolysis in Myocardial Infarction study group) blood flow grade 3. No significant differences were observed between the control and experimental groups.
Outcome of quantitative coronary angiography (QCA).
Coronary angiography of the experimental and control groups at different observational time-points showed open lumens of the blood vessels without dissection, angiomas, angiographic filling defects, or excess stenosis. Furthermore, the observation indices of some of the treated vascular segments in both the control and experimental groups presented a negative increase with a prolonged of the follow-up time. No significant differences were observed between the control and experimental groups at different time-points, except for day 30 (Table I, Fig. 2 ).
Paclitaxel content in the coronary wall. The paclitaxel content in the vascular wall in the experimental group was higher than that in the control group at different time-points, although the differences were not significant (P>0.05). The experimental balloon group was not worse in paclitaxel adsorption than the B. Braun control paclitaxel-coated balloon group, but the experimental balloon was slightly better than the control Table I . QCA outcomes at different time-points. .05 vs. the control at the same time-point. MLD, minimal intravascular lumen diameter of the treated vessel segment; balloon QCA, the maximal diameter of the transported balloon during treatment; balloon/artery ratio, balloon QCA/the MLD before treatment; stenosis rate, (MLD after treatment-MLD at the time of follow-up)/(the MLD after treatment) x100.
QCA, quantitative coronary angiography. balloon in transient paclitaxel release and the anchoring effect of paclitaxel on the vascular wall (Table Ⅱ, Fig. 3 ).
Paclitaxel concentration (ng/ml) Postoperative -----------------------------------------------------------------------------
Paclitaxel content in blood. The paclitaxel content in blood in the experimental group was lower than that in the control group, particularly in the instant time-point group (P<0.05). The expulsion rate of the experimental balloon group was lower than that of the control balloon group, implying better safety and drug stability (Table Ⅲ, Fig. 4 ).
Discussion
Currently, the incidence of thrombosis after treatment with new-generation DESs has decreased to 0.2% (12) . Although the incidence of thrombosis after PCI is low, the consequences of thrombosis are severe, including a high mortality, and it is the main reason for death after interventional surgery. Therefore, decreasing the risk of thrombosis has become a focus for the research and development of balloons and stents (13) . The development of peri-PCI thrombus primarily involves two steps: thrombin activation and platelet activation, in which clot retraction serves as a connecting link in the process. Apart from transforming fibrinogen into fibrin to participate in the clotting process, thrombin induces direct and indirect thrombin-mediated interactions between molecules and cells by activating thrombin receptors (14) . With the cascade of reactions in the clotting process, thrombin increases the permeability of the endothelium to cause a series of vascular injuries. Furthermore, thrombin promotes a proliferative response after vascular injury by exerting the function of growth hormones. In addition, thrombin forms a complex network with platelets, protein kinases and adhesion molecules. Therefore, thrombin not only initiates restenosis, but it is active through the whole process. Effective inhibition of thrombin is of significance in the treatment of anti-cell proliferation and restenosis. Theoretically, effective anti-coagulation and anti-platelet treatments will help decrease the incidence of thrombosis. However, a study was conducted among 8,402 patients with stenotic coronary artery diseases in whom Cypher and Taxus stents were implanted (15) . Among these patients, confirmed stent thrombosis was found in 83 patients and potential stent thrombosis was observed in 127 patients. Furthermore, ~66% of the patients with confirmed/potential stent thrombosis reported good compliance with clopidogrel. These observations indicate that even patients with good compliance with clopidogrel are not exempt from the risk of stent thrombosis. These data pose the question of how ticagrelor, a newly developed powerful P2Y12 receptor antagonist, will perform in preventing stent thrombosis. For patients who underwent PCI, pre-hospital ticagrelor administration at a loading dose or in-hospital ticagrelor administration did not prevent thrombosis; the proportion of the patients who received pre-hospital ticagrelor was 0.2% and that of the patients who received in-hospital ticagrelor was 1.2% at day 30 after surgery (P=0.02). In addition, ticagrelor failed to noticeably improve the TIMI blood flow condition or ST-segment resolution before PIC (13) . Therefore, even the use of a new type of anti-platelet drugs cannot prevent thrombosis completely, and more effective anti-thrombosis and anti-cell proliferation strategies are warranted.
Currently, stents and balloons coated with paclitaxel have been widely applied in clinical practice with satisfactory safety and effectiveness. As a microtubule inhibitor, paclitaxel primarily inhibits the G0/G1 and G2/M stages of the cell cycle, and it inhibits spindle formation, transmembrane signal transduction and gene expression related to cell division to inhibit microtubule-dependent cellular physiological processes, such as proliferation, migration and secretion (16, 17) . Paclitaxel-eluting stents significantly decrease the incidence of in-stent restenosis, as well as the incidence of adverse cardiac events and target lesion revascularization (6, 18) . It is worth mentioning that paclitaxel-coated balloons also present unequalled advantages compared with other drug-coated balloons. Presently, all drug-coated balloons on the market use paclitaxel as the anti-proliferative drug. Paclitaxel is highly liposoluble, which allows it to be absorbed rapidly by cells through the cell membrane. Moreover, the one-time embedding technique of balloons can produce a long-lasting anti-hyperplasia effect, which is suitable for local transport of drugs. Furthermore, paclitaxel, even at micromolar concentrations, can effectively inhibit the proliferation and migration of vascular smooth muscle cells. Therefore, paclitaxel-coated balloons have a broad prospect in anti-restenosis applications (18) . B. Braun SeQuent Please balloons arrived on the market in 2004. In the product, the dosage of paclitaxel is 3 µg/mm 2 , the matrix is Ultravist 370, and the drug release time during balloon inflation is 30-60 sec. However, numerous studies have shown that the incidence of restenosis after implantation of the paclitaxel-eluting stent can reach up to 10-20%. The delayed thrombosis has greatly limited the clinical application of paclitaxel-eluting stents, and the occurrence of delayed thrombosis and restenosis is primarily associated with the inhibitory effect of paclitaxel on the proliferation and migration of intimal smooth muscle cells (19) (20) (21) (22) (23) (24) (25) (26) .
Hirudin is a direct thrombin inhibitor. The no. 63 tyrosine in natural hirudin is sulphated and can act on the non-active substrate-recognition site and enzyme active centre of thrombin to play an anti-coagulation role (27) . Different from heparin, the inhibitory and deactivation effect of hirudin on thrombin does not rely on anti-thrombin Ⅲ and Ⅱ, protein C or tissue factor pathway inhibitors, and it does not combine with platelets which dampens activity. Hirudin inhibits thrombin-induced platelet aggregation; therefore, it possesses good anti-coagulation and anti-thrombotic effects (28) . Bivalirudin, a recombinant, new-generation derivative of hirudin, displays an excellent anti-coagulation effect and clinical curative effect (29) . Even more, the Chinese guidelines for PCI (2016) recommended intravenous injection of bivalirudin 3-4 h after PCI to reduce preoperative complications (30) . Studies on rabbit models of arterial injury showed that short-term treatment with hirudin reduced the neointimal area by 44-59% (31, 32) . More than 10 years ago, an ῾endothe-lial-friendly᾿ drug stent was developed, in which recombinant hirudin and iloprost were combined (33) . This stent was tested in pig and goat animal experiments, and the results showed that hirudin + iloprost-coated stents decreased the risk of thrombosis and effectively reduced the restenotic area of the coronary artery. This type of stent provided the current team with a new idea for a combined drug loading technique: that a combination of two monomers for balloon/stent coating may effectively decrease post-PCI restenosis incidence and prevent thrombosis. Natural hirudin has biological immunogenicity, and it can work as a satisfactory template to guide the restoration of vascular tissue. The combination of paclitaxel and hirudin for eluting has anti-proliferation and thrombosis-preventing effects and does not influence the restoration of vascular tissue. The paclitaxel + hirudin combination may be the best design concept of drug-eluting balloons.
The results of this study showed that paclitaxel + hirudin-eluting balloons effectively inhibited intimal proliferation and significantly decreased the incidence of restenosis at different time-points within 180 days follow-ups. In protecting residual vessel lumens and decreasing restenosis rate, the effects of the experimental balloon were not worse or better than those of the on-sale paclitaxel-eluting balloon. Hirudin, serving as the carrier for paclitaxel, mediates the slow release of paclitaxel, which might be one of the main mechanisms underlying the effects of this combination on inhibiting intimal proliferation and preventing/curing restenosis. Before balloon inflation, the compound-eluting balloon catheter was easy to manipulate. After surgery, angiography showed clear images of the balloon-treated vascular sections. Observations of the local anatomy did not show vascular necrosis, vascular thinning or inflammatory exudation. Determination of paclitaxel contents in the vascular wall and blood showed that the concentrations were both within the non-toxic range, which indicates that the local concentration of hirudin-mediated paclitaxel release is safe, and without noticeable toxic effects or side-effects. According to LC-ESI-MS/MS, the instant release of paclitaxel and the instant absorption of paclitaxel by the vascular wall in the experimental group was better than those parameters in the control group. The follow-up at day 180 showed that the paclitaxel content in the vascular wall was stable and robust in the experimental group, which effectively prevented the incidence of restenosis caused by the proliferation of vascular smooth muscle cells. The determination of paclitaxel content in the blood samples showed that the expulsion rate of paclitaxel in the experimental group was lower than that in the control group, which corresponds to better safety and drug stability with an improved long-term effect of the experimental balloon compared with that of the control balloon.
In conclusion, the new type of paclitaxel + hirudin-eluting balloons utilized in this study possesses excellent safety and histocompatibility, which can effectively prevent late thrombosis, preserve the residual lumen area, and decrease restenosis incidence. However, the drug release and absorption processes of the studied balloon in vivo may require a longer observational time. The preventive effect of the paclitaxel + hirudin-eluting balloon on post-PCI restenosis needs a larger sample size for validation. Furthermore, the working micro-mechanism remains to be explored.
